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By sequestering manganese and zinc, the neutrophil
protein calprotectin plays a crucial role in host
defense against bacterial and fungal pathogens.
However, the essential processes disrupted by
calprotectin remain unknown. We report that calpro-
tectin enhances the sensitivity of Staphylococcus
aureus to superoxide through inhibition of manga-
nese-dependent bacterial superoxide defenses,
thereby increasing superoxide levels within the
bacterial cell. Superoxide dismutase activity is
required for full virulence in a systemic model of
S. aureus infection, and disruption of staphylococcal
superoxide defenses by calprotectin augments the
antimicrobial activity of neutrophils promoting in vivo
clearance. Calprotectin mutated in two transition
metal binding sites and therefore defective in binding
manganese and zinc does not inhibit microbial
growth, unequivocally linking the antimicrobial prop-
erties of calprotectin tometal chelation. These results
suggest that calprotectin contributes to host defense
by rendering bacterial pathogens more sensitive to
host immuneeffectors and reducingbacterial growth.
INTRODUCTION
Staphylococcus aureus is a bacterial pathogen of substantial
concern due to the emergence of antibiotic resistant strains
and the bacterium’s ability to infect nearly every organ (Grund-
mann et al., 2006; Lowy, 1998; Saı¨d-Salim et al., 2003). For path-
ogens such as S. aureus to survive and replicate within a verte-
brate host, they must acquire essential nutrients from the host
environment (Andreini et al., 2008; Corbin et al., 2008; Kehl-Fie
and Skaar, 2010). To combat invading pathogens, the vertebrate
host exploits the requirement for nutrient metals by limiting their
availability, a process termed ‘‘nutritional immunity’’ (Weinberg,
2009). In amousemodel ofS. aureus infection, it has been shown
that vertebrates reduce manganese (Mn) and zinc (Zn) levels158 Cell Host & Microbe 10, 158–164, August 18, 2011 ª2011 Elseviwithin tissue abscesses to nearly undetectable levels (Corbin
et al., 2008). The neutrophil protein calprotectin (CP) binds these
metals and is essential for the sequestration of Mn during infec-
tion (Corbin et al., 2008; Yousefi et al., 2007).
CP is a member of the S100 class of EF-hand calcium (Ca)
binding proteins composed of the heterodimeric complex of
S100A8 and S100A9. CP comprises approximately 50% of the
proteinaceous content of the neutrophil cytoplasm, leading to
concentrations in excess of 1 mg/ml within tissue abscesses
(Clohessy and Golden, 1995; Gebhardt et al., 2006). While Mn
and Zn sequestration by CP inhibits microbial growth and
contributes to the control of pathogens, the essential processes
that are disrupted remain unknown (Corbin et al., 2008; Urban
et al., 2009). One potential target of CP-mediated metal depriva-
tion is Mn-dependent superoxide defenses, which protect
invading microbes from the oxidative burst of neutrophils
(Babior, 2004; Lynch and Kuramitsu, 2000).
The studies reported here investigated the ability of CP to
inhibit staphylococcal Mn-dependent superoxide defense. We
found that CP reduces the activity of Mn-dependent superoxide
dismutases (SOD), as well as Mn-dependent SOD-independent
mechanisms of superoxide defense. These activities correlate
with the binding affinities of CP for Mn2+ and Zn2+. Inactivation
of these systems by CP increases intracellular superoxide and
is dependent on CP-mediated metal chelation. Moreover, inacti-
vation of SOD activity by CP renders S. aureusmore sensitive to
neutrophil-mediated killing and reduces virulence in a systemic
model of infection.
RESULTS
Calprotectin Enhances the Sensitivity of S. aureus
to Superoxide Stress
S. aureus possesses two distinct Mn-requiring mechanisms for
dealingwith superoxide stress. The firstmechanism is the dismu-
tation of superoxide by SODs. S. aureus expresses two SODs,
SodA andSodM, both of which requireMn for function (Clements
et al., 1999; Valderas and Hart, 2001). The second mechanism
protects against superoxide through as-yet-unidentified
processes that also require Mn (Horsburgh et al., 2002a,
2002b). To test the hypothesis that binding ofMn2+ by CP inhibits
these processes, we assessed the effect of CP treatment on theer Inc.
Figure 1. Calprotectin Enhances the Effects
of Superoxide Stress
(A) Growth ofS. aureusNewman in the presence of
CP and/or paraquat.
(B) Survival of stationary phase S. aureus Newman
or a sodA::tet sodM::erm (sodAsodM) exposed to
either 1.5 U (Newman) or 0.15 U (sodAsodM)
xanthine oxidase and 2 mM xanthine after growth
in the presence of calprotectin or manganese.
(C) Growth of S. aureusUSA300 in the presence of
CP and/or paraquat.
(D) Growth of Newman or USA300 in the presence
of 500 mM MnCl2, 240 mg/ml CP, and/or 1 mM
paraquat.
(E) Growth of Newman in the presence of 500 mM
MnCl2, 240 mg/ml CP, 1 mM paraquat, and/or the
superoxide scavenging compound glutathione.
(F) Growth of a sodAsodM derivative of Newman in
the presence of CP and/or paraquat.
(G) Growth of a sodAsodM derivative of Newman
in the presence of 500 mM MnCl2, 240 mg/ml CP,
and/or 0.1 mM paraquat.
In (A)–(C) and (F), asterisks indicate p value less
than 0.05 by one-way ANOVA with Dunnet’s
posttest. In (D), (E), and (G), asterisks indicate p
value less than 0.05 by one-way ANOVA with
Bonferroni posttest of selected means. Means
represent the average of at least three indepen-
dent experiments performed in triplicate. Error
bars represent the standard deviation (SD). CP,
calprotectin; PQ, paraquat; Mn, MnCl2. See also
Figure S1.
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Calprotectin Inhibits Bacterial Superoxide Defensesensitivity of S. aureus to superoxide. Increasing concentrations
of CP enhance the susceptibility of S. aureus strain Newman to
the superoxide generators paraquat and xanthine/xanthine
oxidase (Figures 1A and 1B and Figure S1A available online).
A similar effect was observed for the community acquired
methicillin-resistant S. aureus strain USA300 (Figure 1C and Fig-Cell Host & Microbe 10, 158–164ure S1B) and the S. epidermidis strain
ATCC 12228 (Figures S1C and S1D),
which possesses a single Mn-dependent
SOD (Diep et al., 2006; Valderas et al.,
2002). The addition of excess Mn2+ or
Zn2+ protected S. aureus against super-
oxide stress in the presence of CP, impli-
cating CP-mediated metal binding as
contributing to this process (Figures 1B
and1DandFiguresS1EandS1F). Growth
of S. aureus Newman in the presence of
CP and the superoxide scavenger gluta-
thione protected S. aureus from the
effects of paraquat, but did not entirely
reverse the antimicrobial effects of CP
(Figure 1E).
Mn/Zn Binding Contributes
to the Antimicrobial Activity of CP
Isothermal titration calorimetry (ITC)
experiments on wild-type (WT) CP re-
vealed a stoichiometry of two Zn2+ ions
with dissociation constants (Kd) of1.35 nM and 5.6 nM, whereas only one Mn2+ ion was bound
with high affinity (Kd 1.3 nM) (Figure 2A). Binding of a second
Mn2+ ion was observed, but with 1000-fold weaker affinity
(Kd 3.7 mM). In order to test the contribution of nutrient metal
binding to the antimicrobial activity of CP, we designed
a mutant (DZn/Mn) to inactivate the predicted metal binding, August 18, 2011 ª2011 Elsevier Inc. 159
Figure 2. Mn and Zn Binding Are Necessary for the Antimicrobial
Activity of Calprotectin
(A and B) ITC thermograms for Mn2+ and Zn2+ binding to WT (A) and DZn/Mn
(B) CP. NB, no detectable binding.
(C) Effect of DZn/Mn CP mutation on the sensitivity of S. aureus to superoxide
stress. Newman was grown in the presence of DZn/Mn CP and/or paraquat.
Growth was assessed by measuring OD600. Means represent the average of
three independent experiments performed in triplicate. Error bars represent
the SD. NS, not significant via one-way ANOVA with Dunnet’s posttest.
See also Figure S2.
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S100A9 (Figure S2). This model predicts the presence of one
Mn/Zn binding site involving H17 and H27 from S100A8 and160 Cell Host & Microbe 10, 158–164, August 18, 2011 ª2011 ElseviH91 and H95 from S100A9 (Site I, Figure S2B). The second
site involves H20 and D30 from S100A9 and H83 and H87
from S100A8 (Site II, Figure S2B). The DZn/Mn CP mutant
was generated by substitution of each histidine for asparagine
and the aspartic acid to serine, resulting in two constructs:
S100A8 H17N/H27N/H83N/H87N and S100A9 H20N/D30S/
H91N/H95N. Comparison of two-dimensional 15N-1H HSQC
NMR spectra of wild-type and DZn/Mn CP confirmed that the
mutations had no significant effect on the secondary or tertiary
structure (Figures S2C and S2D). The affinity of DZn/Mn for
Zn2+ and Mn2+ was then assayed by ITC, and no significant
binding of either ion was observed (Figure 2B). Loss of Zn2+
and Mn2+ binding to DZn/Mn CP implies that the eight mutated
residues are responsible for binding of these important nutri-
tional metals in the wild-type protein. To evaluate the contribu-
tion of metal chelation to the antimicrobial activity of CP, we
compared the IC50 of WT CP and DZn/Mn. DZn/Mn has an
IC50 of 9042 mg/ml (±1568 SD) or approximately 60 times that
of WT CP, which has an IC50 of 139 mg/ml (±9 SD) (Figure S2E).
The IC50 for DZn/Mn is 9-fold higher than the concentration
found within abscessed tissues, supporting the notion that
a metal binding defective version of CP would not be antimicro-
bial in vivo (Clohessy and Golden, 1995). Additionally, DZn/Mn
CP does not increase the sensitivity of S. aureus to superoxide
stress (Figure 2C and Figure S2F). These data unequivocally
link the metal chelating properties of CP to its antimicrobial
activities.
CP Increases Superoxide Levels and Decreases
SOD Activity
To test whether CP-mediated metal chelation increases the
amount of superoxide stress experienced by S. aureus, we
assessed intracellular superoxide levels using the membrane
permeable dye dihydroethidium (DHE) (Carter et al., 1994).
Increased levels of intracellular superoxide were observed
when S. aureus was grown in the presence of 240 mg/ml CP
(Figure 3A), the same concentration of CP that increases the
sensitivity of S. aureus to exogenous superoxide stress (Fig-
ure 1A). To determine whether CP treatment reduces staphylo-
coccal SOD activity, we employed a water-soluble tetrazolium
salt (WST) assay. Growth of S. aureus in the presence of CP
resulted in decreased levels of SOD activity in both exponential
and stationary phase bacteria as well as upon exposure to
superoxide stress (Figure 3B and Figure S3A). The CP-medi-
ated reduction in SOD activity is dependent on the metal
chelating ability of CP as the addition of excess Mn2+ restores
enzymatic activity, and DZn/Mn does not reduce S. aureus
SOD activity (Figure 3B). Finally, incubation of CP with purified
SodA or SodM modestly reduced SOD activity (Figures
S3C–S3E). Overall, these data support the proposal that CP
increases the superoxide sensitivity of S. aureus by reducing
Mn2+ levels and preventing the formation of SOD-Mn
complexes.
SOD-Independent Mechanisms of Superoxide Defense
Are Inhibited by CP
To determine whether SOD-independent superoxide defenses
are inhibited by CP, we examined a sodA::tet sodM::erm
(sodAsodM) mutant of S. aureus Newman. The sodAsodMer Inc.
Figure 3. Calprotectin Treatment Results in Reduced Staphylo-
coccal SODActivity and Increased Intracellular Levels of Superoxide
(A) Assessment of intracellular superoxide in S. aureus Newman or a sodA::tet
sodM::erm (sodAsodM) derivative in increasing concentrations of CP as
determined by a DHE assay. * p < 0.05 one-way ANOVA with Dunnet’s post-
test. EtBr, ethidium bromide.
(B) S. aureus Newman was treated with, buffer (No CP), WT CP, or the DZn/Mn
mutant, in the presence of Mn2+, and/or paraquat, and then grown to
midexponential phase. SOD activity was assessed by water-soluble tetrazo-
lium salt assay. Means represent the average of at least three independent
experiments assayed in triplicate. Error bars represent the SD. * p < 0.05 by
one-way ANOVAwith Bonferroni posttest of selectedmeans. CP, calprotectin;
Mn, MnCl2; PQ, paraquat; NS, not significant.
See also Figure S3.
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absence of CP treatment, and when treated with CP it displays
a further increase in sensitivity to superoxide stress that is
reversed by Mn (Figures 1B, 1F, and 1G and Figure S1G). Addi-
tionally, sodAsodM is approximately twice as sensitive to CP
treatment as wild-type Newman, even in the absence of super-
oxide stress (Figures S1H and S1I). sodAsodM exhibits only
background levels of SOD activity, indicating that CP is not inhib-Cell Hositing an unidentified third SOD in S. aureus (Figures S3A and
S3B). sodAsodM was also examined by DHE assay and found
to have increased levels of intracellular superoxide upon expo-
sure to as little as 60 mg/ml CP (Figure 3A). These results indicate
that CP inhibits both SOD-independent and SOD-dependent
mechanisms of superoxide resistance.
Staphylococcal SODs Are Inhibited by CP during
Systemic Infection
To ascertain whether CP-dependent inhibition of bacterial
superoxide defenses augments the antibacterial activity of
neutrophils, we examined CP treated S. aureus for sensitivity
to neutrophil-mediated killing. CP enhanced the sensitivity of
exponential phase S. aureus Newman but not sodAsodM to
neutrophil-mediated killing (Figure 4A). As staphylococcal SOD
mutants become more resistant to superoxide stress in
stationary phase (Karavolos et al., 2003), the impact of CP on
the sensitivity of stationary phase bacteria was examined. In
this growth condition, CP enhanced the sensitivity of both
wild-type S. aureus and the sodAsodM mutant to neutrophil-
mediated killing (Figure 4B).
Next, sodAsodMwas examined for its ability to cause disease
in a murine model of infection using 6-week-old C57BL/6 mice.
The sodAsodM mutant exhibited a 2 log reduction in bacterial
load in the livers as compared to wild-type bacteria (Figure 4C).
To test the impact of CP-mediated SOD inactivation during
systemic S. aureus infections, we infected 8- to 9-week-old
C57BL/6 and CP-deficient mice with S. aureus wild-type or the
sodAsodM mutant (Figure 4D). Mice lacking CP are more
susceptible to wild-type S. aureus infection, as demonstrated
by an approximately 1 log increase in cfus in the livers of
CP-deficient mice as compared to C57BL/6. Notably, the infec-
tivity of the sodAsodMmutant did not differ significantly between
C57BL/6 mice and CP-deficient mice. Taken together, these
data suggest that calprotectin-mediatedMn2+ chelation reduces
the activity of S. aureus SODs during infection, protecting the
host against staphylococcal challenge.
DISCUSSION
Vertebrates combat invading pathogens through the sequestra-
tion of essential nutrients in a process termed ‘‘nutritional immu-
nity’’ (Weinberg, 2009). Sequestration of Mn is dependent on the
neutrophil protein CP, which results in the inhibition of microbial
growth and protection against infection (Corbin et al., 2008;
Urban et al., 2009). While the antimicrobial activity of CP has
been suggested to be dependent on nutrient metal chelation,
the effect that this sequestration has on bacterial processes
remains unclear. Based on the results reported here, we propose
a model whereby S. aureus obtains sufficient metals to properly
populate SODs and defend against superoxide during initial
colonization. After colonization and the arrival of neutrophils
expressing CP, abscess development leads to Mn and Zn
depletion, which in turn reduces bacterial defenses against
superoxide and renders S. aureus more susceptible to neutro-
phil-mediated killing.
In addition to demonstrating that CP enhances the sensitivity
of bacteria to superoxide, these results provide important
insights into the relevance of the nutritional metal bindingt & Microbe 10, 158–164, August 18, 2011 ª2011 Elsevier Inc. 161
Figure 4. SODs Contribute to Systemic Infection
but Can Be Inhibited by Calprotectin, Rendering
S. aureus More Sensitive to Neutrophil-Mediated
Killing
(A and B) Casein-elicited PMNs were incubated with
S. aureus grown to exponential (A) or stationary (B) phase
in the presence or absence of CP (750 mg/ml Newman or
450 mg/ml sodAsodM), and bacterial viability was deter-
mined by plating of serial dilutions on solid medium. Data
represent the mean of four or more independent experi-
ments performed in triplicate. * p < 0.05 globally via two-
way ANOVA, and # p < 0.05 for comparison of specific
time points via Bonferroni posttest. Error bars represent
the standard error of the mean.
(C and D) Six-week-old C57BL/6 mice (C) or 8- to 9-week-
old C57BL/6 (C57) and S100A9/ C57BL/6 (A9/) mice
(D) were infected with either 1 3 107 S. aureus Newman
or the sodAsodMmutant. Mice were sacrificed 96 hr after
infection, and bacterial loads in the livers were enumer-
ated. Bars represent the mean of each infection, and
boxes represent standard deviation. The number of mice
in each group is indicated by n. * p < 0.05 as determined by
two-tailed Student’s t test.
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Calprotectin Inhibits Bacterial Superoxide Defenseproperties of CP. ITC analysis of Mn2+ and Zn2+ binding to WT
CP and the DZn/Mn mutant shows that CP possesses two
nonidentical sites for binding thesemetals. The tight (nM) binding
of CP for Mn2+ suggests that it effectively competes with
bacterial Mn transport systems, which also possess affinities in
the nM range (Papp-Wallace and Maguire, 2006). Interestingly,
the antifungal activity of CP requires the C-terminal histidine-
rich tail of S100A9, which was interpreted to implicate this region
as a Zn2+ binding site (Sohnle et al., 2000). However, this suppo-
sition is not supported by ITC analysis, which showed no appre-
ciable binding of Zn2+ or Mn2+ by DZn/Mn despite the presence
of the histidine-rich tail.
Mn- or Cu-Zn-dependent SODs are found in a wide range of
bacterial pathogens, including Streptococcus pneumoniae,
Salmonella typhimurium, Yersinia enterocolitica, and Neisseria
meningitidis, suggesting that CP may enhance the superoxide
sensitivity of a large number of medically relevant organisms
(Fang et al., 1999; Lynch and Kuramitsu, 2000; Roggenkamp
et al., 1997; Yesilkaya et al., 2000). This proposal is supported
by the observation that Escherichia coli strains unable to
acquire Mn display reduced Mn-dependent SOD activity
despite Mn-SOD expression (Anjem et al., 2009). The ability
of the host to limit metal availability and inhibit bacterial SODs
may also provide an explanation for why some bacterial
pathogens express multiple SODs with different metal depen-
dencies (Lynch and Kuramitsu, 2000). As superoxide scav-
enging does not completely reverse the antimicrobial effects
of CP, other bacterial Mn- and Zn-dependent processes are
likely disrupted as well (Andreini et al., 2006; Papp-Wallace
and Maguire, 2006).162 Cell Host & Microbe 10, 158–164, August 18, 2011 ª2011 Elsevier Inc.Our results show that CP reduces the activity
of bacterial processes and proteins that require
Mn. Further characterization of the bacterial
processes disrupted by CP will enhance our
understanding of how Mn and Zn sequestration
by the host limits pathogenesis. Developinga greater understanding of the effect that metal sequestration
has on invading pathogens will lay the groundwork for the devel-
opment of therapeutics that target bacterial nutrient acquisition.
EXPERIMENTAL PROCEDURES
Calprotectin Activity Assays
For determination of the 50% inhibitory concentration of CP,S. aureus cultures
were back diluted 1/50 from an overnight culture into 5ml fresh TSB and grown
for 1 hr. The bacteria were then back diluted 1/100 in 38% TSB, 62%CP buffer
(CPB) (100 mM NaCl, 3 mM CaCl2, 5 mM b-mecaptoethanol, and 20 mM Tris
[pH 7.5]) and grown for 7 hr in 96-well plates. Absorbance at OD600 was
measured to evaluate growth.
Superoxide Stress Assays
For paraquat assays, overnight cultures were diluted 1/100 into growth media
containing 38% brain heart infusion broth (BHI) + 0.5% glucose and 62% CPB
supplementedwithCP,Mn, Zn, or glutathione as indicated andgrownas for the
IC50 assays. For xanthine/xanthine oxidase assays, bacteria were grown as for
the paraquat assays with the addition 10 mM MnCl2. At stationary phase, the
bacteria were harvested and washed twice with PBS and were then resus-
pended to 1 3 108 cfu/ml. Xanthine and xanthine oxidase (Sigma-Aldrich
St. Louis, MO) were prepared as 53 and 103 stocks in PBS respectively. Fifty
microliters of bacteria, 2 mM xanthine, and either 1.5 or 0.15 units xanthine
oxidase were combined in 100 ml total volume of PBS. These reactions were
then incubated for 1 hr at 37C. The percent of viable bacteria was
determined by plating of serial dilutions and comparison to the inoculums.
Cellular SOD and Superoxide Assays
For SOD activity assays, bacteria were grown as for the paraquat assays.
Samples were harvested at appropriate time points and washed and resus-
pended in 25mMTris (pH 8.0). Bacteriawere then lysed viamechanical disrup-
tion, and cellular debris was removed by centrifugation as previously
described (Valderas and Hart, 2001). Superoxide dismutase activity and
Cell Host & Microbe
Calprotectin Inhibits Bacterial Superoxide Defenseprotein in the supernatant was determined with the SOD Assay Kit-WST
(Sigma-Aldrich, St. Louis, MO) and BCA assay (Pierce Thermo-Fisher,
Rockford, IL), respectively. Mn-dependent SOD purified from E. coli (Sigma-
Aldrich, St. Louis, MO) was used as a standard.
Intracellular superoxide levels were determined with the membrane-perme-
able dye dihydroethidium. S. aureus was grown as above in the presence and
absence of CP and then incubated with 1/10 volume 0.1 M DHE dissolved in
DMSO or DMSO alone for 35 min. The bacteria were then washed and
resuspended in PBS and analyzed via FACS with excitation wavelengths of
405 nm and 488 nm and emission wavelengths of 440 nm and 695 nm to
measure uptake of DHE and formation of ethidium bromide, respectively.
Infections and Neutrophil Killing Assays
All animal experiments were approved by the Vanderbilt Medical Center
Institutional Animal Care and Use Committee. Mouse infections were per-
formed as previously described; details are provided in the Supplemental
Experimental Procedures (Corbin et al., 2008). For neutrophil killing assays,
peritoneal PMNs were elicited with casein and harvested from 13- to
16-week-old male C57BL/6 mice (Jackson Labs), and bacteria were prepared
essentially as previously described (Corbin et al., 2008; Luo and Dorf, 1997).
Bacteria were grown as for the superoxide assays to either exponential or
stationary phase with the addition of 10 mMMnCl2 and calprotectin as appro-
priate; details are provided in the Supplemental Experimental Procedures.
Statistical Analyses
Statistical significance was assessed with either the Student’s t test
(Graphpad Prism V5 or Excel 2007) or one- way and two-way ANOVA (Graph-
pad V5) as indicated. Results were considered statistically significant if the p
value was less than 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at doi:10.1016/
j.chom.2011.07.004.
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